Abstract Endocytosis and vesicle trafficking are required for optimal neural transmission. Yet, little is currently known about the evolution of neuronal proteins regulating these processes. Here, we report the first phylogenetic study of NEEP21, calcyon, and P19, a family of neuronal proteins implicated in synaptic receptor endocytosis and recycling, as well as in membrane protein trafficking in the somatodendritic and axonal compartments of differentiated neurons. Database searches identified orthologs for P19 and NEEP21 in bony fish, but not urochordate or invertebrate phyla. Calcyon orthologs were only retrieved from mammalian databases and distant relatives from teleost fish. In situ localization of the P19 zebrafish ortholog, and extant progenitor of the gene family, revealed a CNS specific expression pattern. Based on non-synonymous nucleotide substitution rates, the calcyon genes appear to be under less intense negative selective pressure. Indeed, a functional group II WW domain binding motif was detected in primate and human calcyon, but not in nonprimate orthologs. Sequencing of the calcyon gene from 80 human subjects revealed a non-synonymous single nucleotide polymorphism that abrogated group II WW domain protein binding. Altogether, our data indicate the NEEP21/ calcyon/P19 gene family emerged, and underwent two rounds of gene duplication relatively late in metazoan evolution (but early in vertebrate evolution at the latest). As functional studies suggest NEEP21 and calcyon play related, but distinct roles in regulating vesicle trafficking at synapses, and in neurons in general, we propose the family arose in chordates to support a more diverse range of synaptic and behavioral responses.
Introduction
With only twice as many neurons and minor differences in the number of overall coding sequences, a major goal of evolutionary neurobiologists is to identify species differences at the genomic level that might account for the marked increase in cognitive capacity of the human brain compared to that of our closest phylogenetic relative, the chimpanzee. Structurally, the human brain is distinguished from the chimpanzee brain by a vast increase in levels of neuronal connectivity. The greater neuronal connectivity in human brain is thought to allow for more efficient communication between sensory, association, limbic, and motor brain regions. However, little is known about the phylogenetic or cellular mechanisms that might drive or functionally support the increased connectivity.
Synapses are the basic unit of neuronal connectivity in the central nervous system (CNS), and are site of chemical neurotransmission between interconnected neurons. Activity-dependent regulation of synaptic transmission is thought to underlie learning and memory (Heynen et al. 2000; Teyler and Discenna 1984; Whitlock et al. 2006) . Hence, there is widespread interest in elucidating the molecular scaffold involved in regulating pre-and postsynaptic aspects of synaptic transmission. It is thought that such information could shed light on neurological and neuropsychiatric disorders in humans involving defects in connectivity such as proposed for schizophrenia, autism, Alzheimer's disease, and amylolateral sclerosis, among others.
Functional studies carried out in the invertebrate and vertebrate nervous system indicate that vesicle trafficking within both pre-and postsynaptic elements of the synaptic junction plays a crucial role in basal as well as activitydepended adaptations in synaptic transmission (Bredt and Nicoll 2003; Malinow and Malenka 2002; Sudhof 2004) . Such 'plasticity' in synaptic transmission is proposed to underlie learning, memory, and cognitive flexibility (McCormack et al. 2006; Nicholls et al. 2008; Teyler and Discenna 1984) . Little is currently known about the evolution of the neuronal proteins that regulate vesicle trafficking at synapses. However, recent studies suggest that the molecular machinery regulating these processes in mammals is substantially more elaborate than in invertebrates (Emes et al. 2008 ).
Here we report the first phylogenetic study of NEEP21 (Entrez Gene Name: neuron-specific gene family member 1; alias, nsg1, p21), calcyon (Entrez Gene Name: calcyon neuron-specific vesicular protein; alias, Drd1ip, Caly), and P19 (Entrez Gene Name: neuron-specific gene family member 2; alias, nsg2, p19, and p1A75), a family of endocytic proteins recently found to play a role in regulating excitatory synaptic transmission (Saberan-Djoneidi et al. 1995 Steiner et al. 2002; Xiao et al. 2006) . The best characterized family members, NEEP21 and calcyon appear to perform distinct roles in vesicle trafficking, consistent with a homologous relationship. For example, NEEP21 regulates the sorting of endosomes into either a recycling or degradative pathway (Debaigt et al. 2004; Steiner et al. 2002) , whereas calcyon stimulates clathrinmediated endocytosis of nutrients and plasma membrane receptors into vesicles (Xiao et al. 2006) . Intriguingly, recent work suggests the homologous roles of the two proteins extend to neuronal activity-driven adaptations in synaptic strength including synaptic plasticity. That is, down-regulation of NEEP21 leads to deficits in constitutive recycling of AMPA receptors and activity-dependent synaptic insertion of receptors , whereas knockout of calcyon interferes with activity dependent removal of surface AMPA receptors and synaptic weakening (Davidson et al. 2009 ).
Recent studies suggest the calcyon/NEEP21/P19 gene family plays an important role in the polarized sorting of axonal and somatodendritic membrane components in differentiated neurons. For example, NEEP21 regulates transcytosis of molecules endocytosed in somatodendritic regions to axons (Yap et al. 2008) . The role of P19 in vesicle trafficking, if any, is currently unknown (Saberan-Djoneidi et al. 1995) . Nevertheless, in mammals, the expression of P19 like that of NEEP21 and calcyon is enriched in the hypothalamus, hippocampus, ventral basal ganglia, amygdala, and prefrontal cortex, as well as the pituitary. The functions of these nuclei are largely elaborated in vertebrates, and quite diverse spanning homeostasis to emotion processing, social interactions, blood pressure, thirst, longterm memory, reward, and motivation. Using phylogenetic methods coupled with an analysis of codon and amino acid substitution rates, we present a picture of the functional evolution of the tripartite NEEP21/calcyon/P19 gene family pointing to its emergence in vertebrates.
Materials and Methods

Zebrafish Strains and Animal Care
Breeding and staging of zebrafish embryos was performed according to standard protocols (Westerfield 1995) and experiments were carried out with Tubingen Wild-Type or brass embryos. All experimental protocols using zebrafish (Danio rerio) were reviewed and approved by the MCG Institutional Animal Care and Use Committee.
Protein Homology Search
Protein sequences corresponding to human P19 (Accession: CAG33423), NEEP21 (Accession: NP_055207), and calcyon (Accession: AAF34714) were used in CDART searches of the National Center for Biotechnology Information (NCBI) non-redundant (nr) protein database (including GenBank coding sequence translations, sequences derived from the 3-D structure Protein Data Bank, and the SWISS-PROT protein sequence database). The CDART search tool retrieves proteins with similar domain architecture. Although CDART is thought to be more sensitive, we also searched for orthologs in translated non-redundant nucleotide databases (including all GenBank, EMBL, DDBJ, and PDB sequences) using the same protein query sequences. Synthetic sequences were removed, as were sequences deemed partial alignment with ClustalW (Larkin et al. 2007 ).
The canine calcyon sequence (XP_548818.2) was modified to terminate after 226 amino acids since the sequence codes for a protein 350 amino acids in length, and the C-terminal 124 amino acids bears no sequence similarity with the rest of the gene family. Tetraodon nigroviridis P19 (CAG11727) was used to query the Gallus gallus EST database, and Xenopus tropicalis NEEP21 (NP_001072849) to query Danio rerio EST databases in TBLASTN searches. Additionally, all available C. elegans, C. intestinalis, D. melanogaster, and S. cerevisiae genomic and EST databases as well as Genbank were queried to investigate the presence of orthologs in invertebrates.
Multiple Sequence Alignment and Phylogenetic Analysis
Alignment of the sequences in Table 1 was performed using ClustalW with the MegAlign tool of Lasergene 6 software (Larkin et al. 2007) . At the nucleotide level using back-translated gaps from amino acid level alignments, MODELTEST (Posada and Crandall 1998) was run with GTR?C?I as the suggested model. This was used to calculate a phylogenetic tree using RAXML (Stamatakis 2006) . Branch lengths and clade bootstrap supports associated with the tree were also collected. Softparsimony (Berglund-Sonnhammer et al. 2006 ) was used to minimize the number of duplications and losses in generating the most parsimonious tree roots.
Ancestral sequence reconstruction coupled to counting (PBL method) was used as a non-statistical screen for positive selection (Liberles 2001) as implemented in www.bioinfo.no. The one ratio, free ratio, neutral sites, branches and sites, and branches models were run using codeml from the PAML package (Yang 2007 ) independently on the NEEP21, P19, and calcyon clades. Likelihood ratio tests were run to identify which tests were significant, with values reported in Table 2 . No correction for multiple testing was applied. Diverge v1.4 (Gu and Vander Velden 2002) was run to compare the NEEP21, P19, and calcyon clades in a pairwise manner, with results presented in Table 3 .
Cloning of Zebrafish P19
Zebrafish RNA (from embryos staged at 24, 48, and 72 h post-fertilization) was prepared using the Trizol method (Invitrogen, Carlsbad, CA), and first strand cDNA by reverse transcription using the SuperScript kit (Invitrogen, Carlsbad, CA). Primers (3 0 -AGTTGACCGCTTTCGGCT-5 0 and 3 0 -G GATGAAACATTTCACCAGAT-5 0 ) were designed based on the zebrafish LOC324971 mRNA sequence (Accession Number AY394975). A 1,338 nucleotide cDNA was amplified by PCR and subcloned using the pGEM-Teasy Vector (Promega, Madison, WI). The identity of the putative LOC324971 cDNA clone was confirmed by DNA sequencing both strands with an ABI 3730 XL 96-capillary sequencer (Applied Biosystems) operated by the Genomics Core Lab at the Medical College of Georgia. The LOC324971 clone isolated includes 552, 45, and 741 nucleotides of predicted coding, 5 0 and 3 0 flanking sequence, respectively.
Whole-Mount In Situ Hybridization
Whole-mount in situ hybridization was carried out under standard conditions (Thisse et al. 1993) . Riboprobe templates were prepared by linearizing the 1,338 nucleotide LOC324971 cDNA clone described above with the appropriate restriction enzymes (sense, SacII; antisense, SpeI), and transcribing with either T7 (antisense) or SP6 (sense) RNA polymerase in the Table 2 Likelihood ratio test results for the P19, calcyon, and NEEP21 gene families 
Results and Discussion
The P19/NEEP21/Calcyon Gene Family Is Highly Conserved
At the amino acid level, the human (h) protein hcalcyon exhibits about 30% identity to that of hNEEP21 and hP19 which show about 50% identity to each other. Search of the NCBI non-redundant (nr) sequence database for hP19, hNEEP21, or hCalcyon orthologs using the Conserved Domain Architecture Retrieval Tool (CDART) retrieved an identical set of sequences from a variety of vertebrate species (Table 1) . Each protein sequence retrieved contained a single copy of the so-called 'calcyon' protein domain (PF06387), a 179 amino acid sequence characterized by a single transmembrane segment in the middle. None of the hits contained any other identified protein domains. Although neither the 3-D structure nor the function of the calcyon domain is solved, this domain currently appears to be the defining characteristic of the P19/ NEEP21/Calcyon gene family (Finn et al. 2008) . Apart from retrieving protein sequences from a variety of mammalian species, CDART searches identified closely related proteins in avian, piscine, and amphibian species, e.g., chicken, pufferfish, frog, and zebrafish. All of the sequences appeared to belong to the P19/NEEP21/Calcyon gene family based on sequence similarity scores. Notably, the degree of similarity between family members in the same species was conserved from fish to human (Supplementary Table 1 ). These results suggested that the P19/ NEEP21/Calcyon family is highly conserved and is not inclusive of other genes based on their common evolutionary origin.
Absence of the P19/NEEP21/Calcyon Gene Family in Invertebrates
We also searched invertebrate sequences in Genbank as well as a set of invertebrate databases including Caenorhabditis elegans, Drosophila melanogaster, and Saccharomyces cerevisiae with the human P19, NEEP21, and calcyon protein and nucleotide sequences, as well as those for the putative zebrafish P19 ortholog LOC324971 (NP 957167) (Table 1) . However, no significant hits were identified in the protein, genomic, mRNA, or EST databases of these invertebrate organisms. Similarly, no hits were obtained in BLAST searches of two separate genomic DNA databases for the lower chordate Ciona intestinalis using all the human sequences and the sole zebrafish ortholog (http://genome. jgi-psf.org/ciona4/ciona4.home.html; http://ghost.zool.kyoto-u. ac.jp/indexr1.html). Search of the Ciona 5 0 and 3 0 EST databases with the putative zebrafish P19 ortholog LOC324971 (NP 957167) sequences using TBLASTN only yielded hits with partial query sequence coverage and low bit score. The failure to identify sequences with significant bit scores either in the EST or genomic database searches suggests calcyon/P19/NEEP21 family orthologs are not present in Ciona, indicating that the duplication events leading to these gene families were vertebratespecific. The pattern of duplication might be consistent with the two rounds of known whole genome duplication during the chordate-vertebrate transition (Dehal and Boore 2005; Hughes and Liberles 2008) . It would also be consistent with pre-duplication rapid sequence divergence of the ancestral vertebrate protein from a non-vertebrate ancestor. These genes do likely have a single ancestor in non-vertebrates, but the inability to detect this gene using sequence-based methods is suggestive of a novel, perhaps duplication-mediated set of roles for the three vertebrate-specific genes. Gene duplication is known to enable more rapid sequence divergence (Hughes and Liberles 2007) .
Expression of P19 in the Zebrafish Developing Nervous System
Studies in mammals suggest that mRNA for calcyon/ NEEP21/P19 gene family members is expressed primarily in the CNS (Saberan-Djoneidi et al. 1995 Steiner et al. 2002; Zelenin et al. 2002) . Given the high degree of sequence identity ([70%) between human P19 and the putative P19 ortholog found in zebrafish, LOC324971 (NP 957167), we used RT-PCR and whole mount in situ hybridization to determine where and when this predicted calcyon/NEEP21/ P19 gene family member is expressed during zebrafish embryogenesis. To determine the temporal expression of LOC324971 mRNA during embryonic development we performed RT-PCR using LOC324971-specific primers and RNA prepared from different embryonic stages (Fig. 1a, open  arrow) . Low levels of maternally provided LOC324971 mRNA are present at the 4-cell stage of embryogenesis and 6 h post-fertilization (hpf), but then decrease through somite stages. By 24 hpf, the expression of LOC324971 mRNA dramatically increases, continues to increase at 48 hpf, and remains high through 72 hpf (data not shown).
We determined the spatial distribution of LOC324971 mRNA during embryonic development by whole mount in situ hybridization (Fig. 1b-d) . At 18 hpf, LOC324971 mRNA expression is detectable in the developing forebrain (Fig. 1b, open arrow) , ventral midbrain (Fig. 1b, open  triangles) , and along the lateral edges of hindbrain rhombomeres (Fig. 1b, solid arrows) . By 24 hpf LOC324971 mRNA expression is increased in the telencephalon (Fig. 1c, open arrow) , diencephalon (Fig. 1c , line arrow), ventrolateral tegmentum (Fig. 1c , open triangle), hindbrain rhombomeres (Fig. 1c, solid arrows) , and along the anterior spinal cord. At 48 hpf (Fig. 1d ) and later stages up to 72 hpf (data not shown) LOC324971 mRNA continues to be expressed exclusively in the developing telencephalon (Fig. 1d, open arrow) , diencephalon (Fig. 1d, bracket) , hindbrain (Fig. 1d, solid arrows) , and spinal cord (Fig. 1c,  bracket) . The distribution of LOC324971 in developing zebrafish suggests that CNS expression is a conserved feature of this gene family even in the lowest extant common ancestor.
Phylogenetic Analysis of the Calcyon/NEEP21/P19 Gene Family A multiple sequence alignment of the calcyon/NEEP21/ P19 proteins compiled from CDART and EST searches is shown in Fig. 2 . The maximum likelihood phylogenetic tree shown in Fig. 3 indicates that the refined data set corresponds to three sets of related proteins representing clusters of P19, NEEP21, and calcyon orthologs. The tree was rooted using soft parsimony to minimize the number of implied duplication and loss events. This is a robust method for rooting a tree in the absence of any known outgroup sequence, providing an assessment that is independent of sequence divergence measures. The Softparsmap rooting supports three clades of orthologous sequences that diverged from the base of the vertebrate tree. Although ambiguous, this rooting is equally parsimonious with regard to the order of the duplication events, and more parsimonious than other potential rootings. Overall, the branching topology of the three clades suggests that all three gene families emerged before the divergence of teleosts from amniotes. All three genes were identified in teleosts and in mammals, while calcyon genes were not identified in birds or amphibians, suggesting either missing data or two lineage-specific gene loss events. This rooting is also consistent with the known two rounds of whole genome duplication during the chordate-vertebrate transition (Dehal and Boore 2005; Hughes and Liberles 2008) . Apart from addition and deletion of genes from the genome, other evolutionary mechanisms like changes in gene expression and coding sequence changes may underlie the vast increase in computing capacity, behavioral repertoire, homeostatic mechanisms, and cognitive flexibility of the human brain (Hill and Walsh 2005) . Measurement of the ratio of non-synonymous (Ka) to synonymous (Ks) nucleotide substitution is an accepted approach for identifying branches in phylogenetic trees undergoing adaptive evolution (Anisimova and Liberles 2007) . To estimate the Ka/Ks rate ratio, we used the PAML program (Yang 2007) package to evaluate various models and their parameterization (Fig. 3) . To reduce the total tree length and mis-parameterization due to saturation of synonymous sites, models were run independently on P19, NEEP21, and calcyon (see Table 2 ). The following strategy was underaken. First a nonstatistical ancestral sequence reconstruction and counting method (PBL) was applied to the detection of lineage-specific Ka/Ks values greater than 1 (Liberles 2001) . In parallel, model testing was used to test for support for the free ratio model to identify individual lineages undergoing positive selection. These hypothetical lineages from the non-statistical and free ratios models were individually evaluated by model testing using the branches and branches and sites models. The free ratios model suggested three candidates for positive selection while the non-statistical approach suggested just one (which corresponded to one of the three from the free ratios model). The one ratio model suggests generally strong negative selection on all gene families, with the most relaxed selection on calcyon. The free ratios model was significant for P19 and calcyon, but not NEEP21. Lineages with x [ 0.9 were tested individually for significant evidence of positive selection using the branches and branches and sites tests. Only two lineages, one in calcyon and one in P19 had significant evidence for positive selection from the free ratio, branches, and branches and sites tests. The calcyon branch indicated positive selection with the non-statistical approach.
Possible explanations for the more constrained evolution of the NEEP21 family includes a larger set of interacting protein partners, exclusive somatodendritic distribution (whereas calcyon is also present in axons), or more strongly conserved function (Wang et al. 2007; Steiner et al. 2002 Steiner et al. , 2005 . Along the lines of the latter possibility, recent studies in primary cultures of neurons suggest NEEP21 regulates the transcytosis of adhesion molecules implicated in the early phases of myelination from the somatodendritic compartment to axons (Yap et al. 2008; White et al. 2008) . Myelination of axons is a vertebrate innovation facilitating rapid conduction of nerve impulses. Interestingly, NEEP21 expression in rodents is highest early in development during periods correlated with robust myelination and synapse formation (Saberan-Djoneidi et al. 1998 ).
At the amino acid level, DIVERGE was run to evaluate evidence for divergence in amino acid substitution rates between clades, as the previous analysis was only able to evaluate divergence within clades. Significant evidence for such a divergence in rates was found between calcyon and NEEP21. Several sites (see Table 3 ) were identified as having undergone clade-specific rate shifts. The site-specific profiles indicate NEEP21/Calcyon to have a statistically detectable class of sites with differing selective pressures, including the following sites: [57] [58] [59] [67] [68] [69] [70] [71] [72] [73] [74] [87] [88] [89] [90] [91] [92] [93] [94] [95] [96] [97] [98] [99] [100] [103] [104] [105] [106] [107] [108] [109] [110] [111] [112] [113] [114] [116] [117] [118] [119] [120] [121] [122] [123] [125] [126] [127] [128] [129] [130] 149, [152] [153] [154] [155] [156] [157] [158] [159] [160] [161] [162] [163] [164] [165] [166] [167] [168] [125] [126] [127] [128] [129] [130] , situated in the predicted cytosolic domains of the proteins, are noteworthy in light of available structure-function information. For example, NEEP21 regulates GluR2 AMPA receptor recycling via interaction with GRIP1 through a domain in NEEP21 that includes residues 129-164 . Similarly, calcyon appears to regulate AMPA receptor endocytosis via a clathrin light chain binding domain situated in calcyon within residues 123-155 (Davidson et al. 2009 ). While intriguing, the DIVERGE data are only predictive, and further studies are necessary to confirm that sequence divergence in the 125-130 and 152-168 segments confers the distinct endocytic functions subserved by NEEP21 and calcyon. Fig. 2 Multiple Sequence Alignment. Clustal W alignment of P19, NEEP21, and calcyon proteins identified either with CDART or with the EST database searches (refer to Table 1 ). Also shown in parentheses in Table 1 are orthologous proteins that were not identified in CDART searches, but were retrieved in TBLASTN queries of chicken, medaka, and zebrafish EST databases. Consensus strength among orthologs in the alignment is indicated by height and color, with red being the greatest. Cortical and especially the forebrain regions of cortex are greatly expanded in mammals compared to other vertebrates. While P19 and NEEP21 are also expressed in cortex, expression of the human calcyon gene is enriched in prefrontal cortex. In humans, the expression of calcyon is significantly up-regulated in patients with schizophrenia, a disease associated with deficits in prefrontal cortical function (Bai et al. 2004; Baracskay et al. 2006; Clinton et al. 2005; Koh et al. 2003) . Additionally, genome wide scans have implicated 10q26, the chromosomal region where the calcyon gene resides, in schizophrenia as well as attention deficit hyperactivity disorder, a psychiatric syndrome also associated with deficits in prefrontal function (Laurin et al. 2005; Williams et al. 2003) .
To look for markers that might prove useful in association or linkage studies, we sequenced 4,866 base pairs of calcyon consisting of coding exons 2 and 3, in an ethnic diversity panel of 80 unrelated human subjects (30 AfricanAmericans, 34 Caucasian-Americans, 8 Hispanic, 6 Filipino, 2 East Asian). We identified nine novel SNPs (not previously reported in public databases or manuscripts). Among these was a non-synonymous SNP identified in one male African-American individual that results in the substitution of a leucine (leu, L) for a proline (pro, P) at residue 40 in the calcyon protein (Dai and Bergson 2003) ( Supplementary Fig. 1 ). Proline at residue 40 is also conserved among all calcyon mammalian proteins. However, only in primate lineages does Pro40 lie within a consensus (P-P-L-P) binding motif for Group II WW domain containing proteins (Bedford et al. 1997; Ilsley et al. 2002) (Fig. 4) . WW domains are found in about 50 human proteins (Ingham et al. 2005) , and WW domain containing proteins play a role in a wide range of cell processes including cell-cycle control, signal transduction, RNA splicing, and ubiquitin ligation (Ilsley et al. 2002) . Like Fig. 3 Rooted Phylogenetic Tree. Predicted evolutionary relationship of the P19, NEEP21, and calcyon orthologs (shown in Fig. 2 ) constructed using RAXML (Stamatakis 2006) with the GTR?C?I model. a The tree branch detected as undergoing positive selection using the Ka/Ks ratio from a non-statistical approach plus from the free ratios model and confirmed using branch and branch-site tests according to PAML (Yang 2007 ) is shown in blue, while that from the free ratios model and confirmed by both the branch-sites and branches model is shown in brown. The branch showing positive selection by the free ratios model, but not by the other two models is labeled in pink. b The same tree is depicted with branches represented proportional to their lengths from RAXML. (Color figure online) SH3 domains, WW domains mediate protein:protein interactions by binding proline rich motifs (Ilsley et al. 2002) and are grouped into four classes based on ligand specificity. Group I WW domain proteins like YAP65 recognize P-P-X-Y motifs; whereas the group II proteins like formin binding protein 11 (FPB11) bind P-P-L-P. The group III WW domain proteins including FEB65 bind P-P-R motifs, and the group IV proteins like Nedd4 bind (S/ T)pP motifs.
Intrigued that the P40L SNP might provide structure/ function information on calcyon, we obtained plasmids encoding glutatione S transferase (GST) fusions to prototypical group I, II, and III WW domains, as well as the SH3 domain of Abl (binds a P-X-X-P motif) (Bedford et al. 1997 ). An S-Tag fusion protein including the Pro40 variant of calcyon (hWT(1-80)) was found to bind the group II WW domain of FPB11 in protein overlay assays (Fig. 5a,  b) . In contrast, binding to the group I and III WW domains of YAP65 or FEB65, or the SH3 domain of Abl was not detected (Fig. 5b) . Binding of the FBP11 WW domain to either the Leu40, or the murine calcyon S-tagged fusion proteins (hP40L or mWT) was similarly not detectable (Fig. 5c ). These data suggest that the P-P-L-P motif in calcyon can interact with a group II WW domain containing proteins like FBP11.
The overlay data shown in Fig. 5 argue that PPLP motif found in calcyon in primate lineages is a functional WW domain binding site since it can be disrupted by a single amino acid substitution. Further studies are required to confirm whether the PPLP motif represents a bona fide example of lineage-specific functional change. However, as discussed above, in the 160 chromosomes investigated in this region, only one nucleotide substitution was identified. Notably, the calcyon PPLP sequence is found exclusively in primate lineages with the suggestion of emergence through one or possibly two substitutions along the primate lineage as shown in Fig. 4 . The low frequency of SNPs in this newly emergent motif is consistent with selection playing a role in its maintenance.
Previous biochemical analysis indicates calcyon acts as a clathrin adaptor or accessory protein as it facilitates clathrin coated vesicle formation via a cytosolic segment in the protein (Xiao et al. 2006) . Intriguingly, the PPLP motif lies in the predicted lumenal or extracellular segment of the calcyon protein. Clathrin coated vesicles assemble in a dynamic fashion to sort cargo from intracellular vesicles to the cell surface, in addition to serving as a compartment for the internalization of receptors, growth factors and nutrients from the cell surface (Deborde et al. 2008; Roth 2008) . The lumenal/extracellular location of the PPLP motif in primate calcyon suggests that in neurons the interaction takes place either at the plasma membrane or within a vesicle or organelle, or perhaps both, as calcyon accumulates at cell surface in a calcium-dependent fashion (Ali and Bergson 2003) . Indeed, as the array of clathrin accessory and adaptor proteins, including tissue specific isoforms, is greatly expanded in vertebrates and mammals, one would predict an expansion in the regulation of clathrin coated vesicle formation during vertebrate evolution as well (Schmid and McMahon 2007) . Hence, it is tempting to Fig. 4 The PPLP motif as a primate innovation. Sequence alignment of mammalian calcyon from diverse species in which identical amino acids are boxed. The most parsimonious ancestral sequence reconstruction scenarios are shown on the tree speculate that although yet to be characterized, the interaction of the putative WW domain-containing ligand with the PPLP motif in calcyon is associated with an endocytic or exocytic specialization (cargo or regulatory step) unique to the primate CNS.
Conclusions
Phylogenetic analysis of NEEP21, calcyon, and P19 protein coding sequences points to emergence of an entirely new gene family involved in vesicle trafficking in neurons as recently as early in vertebrate speciation. The tripartite family is highly conserved and bears no significant similarity with domains found in other vertebrate or invertebrate proteins. Our studies in zebrafish also indicate that predominant expression in the CNS is another conserved feature. Previous studies with mammalian orthologs of NEEP21 and calcyon implicate the family in molecular pathways important for synaptic connectivity such as the trafficking of neurotransmitter receptors at synapses, and the transcytosis of adhesion molecules to axons (von Bartheld 2004) . The phylogenetic studies reported here found evidence for positive selection in the P19 and calcyon, but not in the NEEP21 lineages. In particular, domains with significantly different rates of evolution were identified in NEEP21 and calcyon. Notably, we discovered a novel protein interaction motif present only in the primate calcyon lineages. Future studies could examine whether these domains and motifs potentially underlie their different subcellular localization or their distinct roles in receptor trafficking at synapses, or in the transcytosis of cargos from dendrites to axons.
Acknowledgments This work was supported by the NIH MH063271 (C.B.). This work was also funded by an institutional NIH-INBRE award to University of Wyoming and by NSF award 0743374 (DAL). We thank Haiqin Jin for her excellent technical support. were incubated with 1 mg purified S-hWT (1-80) in blocking buffer overnight. Binding of S-Tag-hWT (1-80) was detected with anti-S protein conjugated to HRP, followed by ECL and exposure to autoradiography film. c The FBP11 WW domain binds the calcyon hWT(P40), but not to either the murine or hP40L S-Tag fusion proteins. Overlay assay performed by incubating purified GST-FPB11 with a blot of uninduced and induced lysates of bacteria transformed with the indicated calcyon S-Tag fusion proteins. Bound GST-FBP11 was detected with HRP conjugated anti-GST antibodies as in (b). For both (b) and (c), similar results were obtained in at least two independent experiments. (Color figure online) 
